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Damping controllerAbstract This paper presents dynamic model of power system installed with a novel UPFC that
consist of two shunt converters and a series capacitor. In this conﬁguration, a series capacitor is
used between two shunt converters to inject desired series voltage. As a result, it is possible to con-
trol the active and reactive power ﬂow. The main advantage of the proposed UPFC in comparison
with the conventional conﬁguration is injection of a series voltage waveform with a very low total
harmonic distortion (THD). In addition, a linearized Phillips–Heffron model is obtained and a sup-
plementary controller for the modeling of proposed UPFC to damp low frequency oscillations with
considering four alternative damping controllers is recommended. The problem of robustly novel
UPFC based damping controller is formulated as an optimization problem according to the time
domain-based objective function, which are solved using particle swarm optimization (PSO) and
Imperialist Competitive Algorithm (ICA) techniques.
 2014 Production and hosting by Elsevier B.V. on behalf of Ain Shams University.1. Introduction
Presently, power demand is growing considerably and the
extension in transmission and generation is restricted withthe rigid environmental constraints and limited availability
of resources. Consequently, power systems of today are much
more loaded than before. This brings about the essential for
power systems to be operated near their stability limits.
Moreover, interconnection between remotely located power
systems gives rise to low-frequency oscillations in the range
of 0.1–0.3 Hz. These oscillations may keep growing in magnitude,
resulting in a loss of synchronism, if not well damped [1].
Power system stabilizers (PSSs) have been used to serve the
purpose of increasing power system damping to low frequency
oscillations. PSSs have proved to be efﬁcient in performing
their assigned tasks. A wide range of PSS tuning approaches
has been recommended. These approaches have included pole
placement [2], damping torque concepts [3], H1 [4], variable
Figure 1 SMIB power system equipped with proposed UPFC.
692 M.R. Banaei et al.structure [5], and the different optimization and artiﬁcial intel-
ligence techniques [6–8]. However, PSS may adversely affect
voltage proﬁle and may not be able to arrest oscillations result-
ing from severe disturbances, such as three-phase faults at gen-
erator terminals [9].
Recently FACTS controllers such as UPFC and STAT-
COM and IPFC have been applied for damping oscillations
and improving dynamic stability of power systems [10].
FACTS devices, when used to improve power system steady-
state performance, have shown very promising results.
Through the modulation of bus voltage, phase shift between
buses, and transmission line reactance, FACTS devices can
cause a robust increase in power transfer limits during stea-
dy-state. Because of the extremely fast control action con-
nected with FACTS-device operations, they have been very
encouraging applicants for utilization in power system damp-
ing enhancement. It has been observed that employing a feed-
back supplementary control, in addition to the FACTS-device
primary control, can considerably enhance system damping
and can also improve system voltage proﬁle, which is advanta-
geous over PSSs [11].
Among them, UPFC is impressive for damping power sys-
tem oscillations. This is obtained by regulating the controllable
parameters of the system, line impedance, voltage magnitude
and phase angle of the UPFC bus. The UPFC consists of
two AC/DC converters. One of the two converters is con-
nected to the transmission line via a series transformer and
the other in parallel with the line via a shunt transformer.
The series and shunt converters are connected via a large
DC capacitor. The series branch of the UPFC injects an AC
voltage with controllable magnitude and phase angle at the
power frequency via an insertion transformer [12]. Recently
researchers have presented dynamic models of UPFC in order
to design suitable controller for power ﬂow, voltage and damp-
ing controls [13–17]. Wang has presented a modiﬁed linearized
Phillips–Heffron model of a power system installed with
UPFC [18,19]. He has addressed the basic issues relating to de-
sign UPFC damping controllers, i.e., selection of robust oper-
ating conditions for designing damping controllers; and the
election of parameters of UPFC (such as mE, mB, dE and dB)
to be modulated for achieving desired damping. Wang has
not presented a systematic approach for designing the damp-
ing controllers. Further, no attempt seems to have been made
to identify the most suitable UPFC control parameters, in or-
der to arrive at a robust damping controller and he has not
used the deviation of active and reactive powers, DPe and
DQe as the input control signals. Abido has used the control
PSO, for designing controller and this manner not only is an
off-line procedure, but also depends strongly to selection of
primary conditions of control system [20,7].
Recently, the intelligent techniques are used for optimal
tuning of UPFC based damping controller. These techniques
are used in multiple applications, such as PID controller
designing, optimal placement of FACTS devices, economic
load dispatch of power systems, power system stabilization,
or harmonic omission in multilevel inverters. Among the intel-
ligent algorithms PSO and ICA are used.
In [21] has been proposed a novel conﬁguration of UPFC
which consists of two shunt converters and a series capacitor.
The injected series voltage waveform by this conﬁguration
has extremely low THD. The proposed UPFC is based
on using only two 2-level 3-phase shunt converters and a seriescapacitor. So, the cost, volume and rated power of UPFC de-
crease and the control scheme becomes simpler than conven-
tional UPFC conﬁguration. In the proposed conﬁguration,
left shunt converter supplies to or absorbs from utility the nec-
essary active power to regulate the voltage of dc link capacitor.
It also exchanges reactive power with utility to control the
sending end reactive power. It can be noted that the operation
of this converter is same as shunt converter in conventional
UPFC. On the other hand, right shunt converter tracks refer-
ence current to control the current of series capacitor to inject
the desired series voltage, Vse. It should be noted that the pro-
posed conﬁguration is able to have all of the capabilities of
conventional UPFC. Its reason is that the main functions of
conventional UPFC are injecting the desired series voltage
by series converter and tracking the reference current by shunt
converter in order to exchange the active and reactive powers
while both of these functions exist in proposed conﬁguration
of UPFC because it is possible to inject the series voltage with
any desired amplitude and phase angle by combination of ser-
ies capacitor and right shunt converter operation as well as to
track the reference current by left shunt converter to have
the same operation of shunt converter of conventional
conﬁguration.
In this paper, a connected single machine to inﬁnite bus
with novel UPFC, which consists of two shunt converters
and a series capacitor installed, is used and a novel linearized
Phillips–Heffron model for the mentioned power system is de-
rived for design of the UPFC damping controller. In addition,
the particle swarm optimization (PSO) and the Imperialist
Competitive Algorithm (ICA) are used for the optimal tuning
of the proposed UPFC based damping controller in order to
enhance the damping of a power system’s low-frequency oscil-
lations and achieve the desired level of robust performance un-
der different operating conditions, as well as different
parameter uncertainties and a disturbance.
2. Description of case study system
Fig. 1 shows a SMIB power system equipped with the pro-
posed conﬁguration of UPFC which consists of two shunt con-
verters and a series capacitor. The synchronous generator is
transferring power to the inﬁnite-bus through a transmission
line and a UPFC. The UPFC consists of two excitation trans-
formers, a series capacitor, two three-phase IGBT based volt-
age source converters, and a DC link capacitors.
First shunt converter, in the proposed conﬁguration, sup-
plies to or absorbs from utility the necessary active power to
regulate the voltage of dc link capacitor. It also trades reactive
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can be noted that the operation of this converter is same as
shunt converter in conventional UPFC. On the other hand,
second shunt converter tracks reference current to control
the current of series capacitor to inject the desired series volt-
age, Vse. It should be noted that the proposed conﬁguration is
able to have all of the capabilities of conventional UPFC. In
this study, the four input control signals to the proposed
UPFC are mE, mB, dE, and dB.
3. Dynamic model of proposed UPFC
3.1. Power system nonlinear
The dynamic model of the UPFC that is shown in Fig. 1, is re-
quired in order to study the effect of the UPFC for enhancing
the small signal stability of the power system. The system data
are given in the Appendix A. By applying Park’s transforma-
tion and neglecting the resistance and transients of transform-
ers, the UPFC can be modeled as:
VEd
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IEd
IEq
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þmEVdc
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sinðdEÞ
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The complete dynamic model of a single-machine inﬁnite-bus
power system equipped with the proposed UPFC can be devel-
oped by combining (1–3) with the machine dynamic equations
shown below:
_d ¼ x0x ð4Þ
_x ¼ Pm  Pe Dx
M
ð5Þ
_E0q ¼
Eq þ Efd
T0d0
ð6Þ
_Efd ¼  1
TA
Efd þ KA
TA
ðVs0  VsÞ ð7Þ
where
Te ¼ Pe ¼ VsqI1q þ VsdI1d;
Eq ¼ E0q þ ðXd  X0dÞI1d; Vs ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
V2sd þ V2sq
q
;
Vsd ¼ XqI1q; Vsq ¼ E0q  X0dI1d; I1d ¼ Ised þ IEd;
I1q ¼ Iseq þ IEq
Also, for the estimated power system model, from Fig. 1. We
have:
VS ¼ jX1I1 þ VE
VE ¼ Vse þ jX2I2 þ Vb\d
Vse ¼ VE  VB ¼ jXseIse
VB ¼ jX2I2 þ Vb\d
ð8Þ
From above equations, line currents can be obtained as:Ised ¼  XE
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Xt1
XSeXd
P þmE sinðdEÞVdc  Xt22XSeXdP
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þ Vb sinðdÞ  Xt7
XSeXq
P ð16Þ3.2. Power system linearized model
A linear dynamic model is obtained by linearizing the nonlin-
ear model round an operating condition. The linearized model
of power system is given as follows:
D _d ¼ xbDx ð17Þ
D _x ¼ DPm  DPe DDx
M
ð18Þ
D _E0q ¼
DEq þ DEfd þ ðXd  X0dÞDI1d
T0do
ð19Þ
D _Efd ¼ DEfd þ KAðDVref  DVS þ DupssÞ
TA
ð20Þ
D _Vdc ¼ K7Ddþ K8DE0q  K9DVdc þ KCEDmE þ KCdEDdE
þ KCBDmB þ KCdBDdB ð21Þ
Figure 2 Modiﬁed Heffron–Phillips transfer function model.
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(17–21).
DPe ¼ K1Ddþ K2DE0q þ KPdcDVdc þ KPEDmE
þ KPdEDdE þ KPBDmB þ KPdBDdB ð22Þ
DEq ¼ K4Ddþ K3DE0q þ KqdcDVdc þ KqEDmE þ KqdEDdE
þ KqBDmB þ KqdBDdB ð23Þ
DVS ¼ K5Ddþ K6DE0q þ KVdcDVdc þ KVqEDmE
þ KVdEDdE þ KVBDmB þ KVdBDdB ð24Þ
The state-space equations of the system can be calculated by
combination of (22–24) with (17–21):
_X ¼ AXþ BU
X ¼ ½Dd;Dx;DE0q;DEfd;DVdcT
U ¼ ½Dupss;DmE;DdE;DmB;DdBT
ð25Þ
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0 KCE KCdE KCB KCdB
2
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ð27Þ
Where DmE, DmB, DdE and DdB are a linearization of the input
control signal of the UPFC and the equations related to the K
parameters have been presented in Appendix B. The linearized
dynamic model of (21–24) can be seen in Fig. 2, where there is
only one input control signal for Du. Fig. 2 includes the UPFC
relating the pertinent variables of electric torque, speed, angle,
terminal voltage, ﬁeld voltage, ﬂux linkages, UPFC control
parameters and dc link voltage.
4. PSO and ICA
4.1. Particle swarm optimization
Particle swarm optimization (PSO) was introduced ﬁrst in [22].
PSO approach features many advantages; it is simple, fast and
can be coded in few lines. Also, its storage requirement is
minimal.
PSO starts with a population of random solutions ‘‘parti-
cles’’ in a D-dimension space. The ith particle is represented
by Xi = (xi1,xi2, . . . ,xiD). PSO consists of, at each step, chang-
ing the velocity of each particle toward its pbest and gbest
according to Eq. (28). The velocity of particle i is represented
as Vi = (vi1,vi2, . . . ,viD). The position of the ith particle is then
updated according to Eq. (29).
vid ¼ xvid þ c1r1ðpid  xidÞ þ c2r2ðpgd  xgdÞ ð28Þ
xid ¼ xid þ vid ð29Þwhere; pid ¼ pbest and pgd ¼ gbest
An excellent simpliﬁed description of the PSO algorithm
can be described as follows [23]:
Step 1:Deﬁne the problem space and set the boundaries, i.e.
the acceptable limits of the controller parameters.
Step 2: Initialize an array of particles with random posi-
tions and their associated velocities inside the problem
space. These particle positions represent the initial set of
solutions.
Step 3: Check if the current position is inside the problem
space or not. If not, adjust the positions so as to be inside
the problem space.
Step 4: Evaluate the ﬁtness value of each particle.
Step 5: Compare the current ﬁtness value with the particles’
previous best value (pbesti). If the current ﬁtness value is
better, then assign the current ﬁtness value to pbesti and
assign the current coordinates to pbestxi coordinates.
Step 6: Determine the current global minimum among par-
ticle’s best position.
Step 7: If the current global minimum is better than gbest,
then assign the current global minimum to gbest and assign
the current coordinates to gbestx coordinates.
Step 8: Change the velocities.
Step 9:Move each particle to the new position and return to
Step 3.
Step 10: Repeat Step 3–Step 9 until a stopping criteria is
satisﬁed.
4.2. Imperialist competitive algorithm
The ICA is a new heuristic algorithm for global optimization
searches that is based on imperialistic competition. The ICA,
similar to other heuristic algorithms such as PSO and GA,
starts with an initial population that is called a country. The
initial population is divided into 2 types of colonies and impe-
rialists, which together organize empires. The introduced evolu-
tionary algorithm is constituted by imperialistic competition
among these empires. During times of competition, the weak
empires fall and the strong empires take possession of their
colonies. Finally, this competition converges to a state in which
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rialist, and there is only one empire. After all of the colonies are
divided among the imperialists and the initial empires are cre-
ated, these colonies move toward their related imperialist state
as an assimilation policy [24]. The movement of a colony to-
ward the imperialist is shown in Fig. 1, where d is the distance
between the colonies and the imperialist, and h and x represent
random numbers with uniform distribution, as given in (30).
x  Uð0; b dÞ; h  Uðc; cÞ ð30Þ
In the above equation, the terms b and c describe parameters
that modify the area that colonies randomly search around
the imperialist. The total cost of all of the empires can be com-
puted from (31). More descriptions about the ICA and the
pseudocode of the ICA can be found in [24].
T:C:n ¼ CostðimperialistnÞ
þ ficameanfCostðcolonies of empirenÞg ð31Þ
An excellent simpliﬁed description of the ICA algorithm can
be described as follows [24]:
 Step 1: Select some random points on the function and ini-
tialize the empires.
 Step 2: Move the colonies toward their relevant imperialist
(Assimilating).
 Step 3: If there is a colony in an empire which has lower cost
than that of imperialist, exchange the positions of that col-
ony and the imperialist.Figure 3 Proposed UPFC with lead–lag controller.
Figure 4 Minimum singular value with all stabilizers at
Qe = 0.4. Step 4: Compute the total cost of all empires (Related to the
power of both imperialist and its colonies).
 Step 5: Pick the weakest colony (colonies) from the weakest
empire and give it (them) to the empire that has the most
likelihood to possess it (Imperialistic competition).
 Step 6: Eliminate the powerless empires.
 Step 7: If there is just one empire, stop, if not go to 2.
The ICA, as a new heuristic algorithm, is used in multiple
applications, such as PID controller designing, optimal place-
ment of FACTS devices, economic load dispatch of power sys-
tems, power system stabilization, or harmonic elimination in
multilevel inverters.
In this paper, the PSOand ICA is used to obtain the optimal val-
ues of the supplementary controller parameters of a novel UPFC.Figure 5 Minimum singular value with all stabilizers at
Qe = 0.0.
Figure 6 Minimum singular value with all stabilizers at
Qe = 0.4.
Figure 7 Step duration in mechanical power.
Figure 8 Light loading without controller. (a) Speed division
and load angle division. (b) Root locus diagram.
Figure 9 Normal loading without controller. (a) Speed division
and load angle division. (b) Root locus diagram.
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The PSS structure to be considered is the very widely used
lead-lag controller, whose transfer function is:uPSS ¼ K sTw
1þ sTw
1þ sT1
1þ sT2
 
1þ sT3
1þ sT4
 
Dx ð32Þ
The UPFC damping controllers are of the structure shown in
Fig. 3, where u can be mE, mB, dE or dB.
5.1. Controllability measure
To measure the controllability of the EM mode by a given in-
put (control signal), the singular value decomposition (SVD) is
employed. The matrix B can be written as B= [b1b2b3b4b5]
where bi is a column vector corresponding to the ith input.
The minimum singular value, rmin, of the matrix [kI  Abi]
indicates the capability of the ith input to control the mode
associated with the eigenvalue k. Actually, the higher the rmin,
the higher the controllability of this mode by the input consid-
ered. As such, the controllability of the EM mode can be
examined with all inputs in order to identify the most effective
one to control the mode [23].
5.2. Proposed UPFC controller design using PSO and ICA
To acquire an optimal combination, this paper employs PSO
and ICA to improve optimization synthesis and ﬁnd the global
Figure 10 Heavy loading without controller. (a) Speed division
and load angle division. (b) Root locus diagram.
Figure 11 Root locus diagram in the normal loading. (a) Before
adding controller. (b) After adding controller.
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lem, an integral of time multiplied absolute value of the error is
taken as the objective function. The objective function is de-
ﬁned as follows [25]:
J ¼
Z tsim
0
tjDxjdt ð33Þ
In the above equations, tsim is the time range of simulation and
Np is the total number of operating points for which the opti-
mization is carried out. For objective function calculation, the
time-domain simulation of the power system model is carried
out for the simulation period. It is aimed to minimize this
objective function in order to improve the system response in
terms of the settling time and overshoots. The design problem
can be formulated as the following constrained optimization
problem, where the constraints are the controller parameters
bounds [11,25]:
Minimize J
Subject to : Kmin 6 K 6 Kmax
Tmin1 6 T1 6 Tmax1
Tmin2 6 T2 6 Tmax2
Tmin3 6 T3 6 Tmax3
Tmin4 6 T4 6 Tmax4Typical ranges of the optimized parameters are [0.01–100] for
K and [0.01–2] for T1, T2, T3 and T4. The proposed approach
employs PSO and ICA algorithms to solve this optimization
problem and search for an optimal or near optimal set of con-
troller parameters. The optimization of UPFC controller
parameters is carried out by evaluating the objective function
as given in Eq. (33), which considers a multiple of operating
conditions. The operating conditions are considered as:
 Case 1: Pe = 0.80 pu, Qe = 0.114 pu. (Nominal loading).
 Case 2: Pe = 0.2 pu, Qe = 0.01. (Light loading).
 Case 3: Pe = 1.20 pu, Qe = 0.4. (Heavy loading).
6. Simulation result
6.1. Controllability measure
SVD is employed to measure the controllability of the EMmode
from each of the ﬁve inputs: uPSS, mE, mB, dE, and dB. The min-
imum singular value, rmin, is estimated over a wide range of oper-
ating conditions. For SVDanalysis,Pe ranges from0.05 to 1.4 pu
and Qe = [0.4,0,0.4]. At each loading condition, the system
model is linearized, the EM mode is identiﬁed, and the SVD-
based controllability measure is implemented.
For comparison purposes, the minimum singular value for
all inputs at Qe = 0.4, 0.0 and 0.4 pu is shown in Figs. 4–6,
respectively. From these ﬁgures, the following can be noticed:
Figure 12 Flowchart of the proposed design process for UPFC
damping controllers.
Table 1 The optimal parameter of the proposed controllers.
Controller parameters
T1 T2 T3 T4 K
Light loading PSO 1.6157 1.2947 0.8038 0.8677 3.8721
ICA 0.0554 0.0405 1.3941 1.3838 4.6523
Nominal loading PSO 0.4009 1.1307 0.4895 1.0799 77.4544
ICA 0.5461 1.0678 0.3717 1.1381 74.5505
Heavy loading PSO 1.3300 0.9176 0.2833 1.4662 47.4357
ICA 1.9964 1.8287 0.2824 1.0467 45.0005
Figure 13 Dynamic responses of Dx with input control signal
dB. (a) Heavy loading. (b) Normal loading. (c) Light loading.
698 M.R. Banaei et al. EM mode controllability via dB is always higher than that
of any other input.
 The capabilities of dB and dE to control the EM mode is
higher than that of PSS.
 Except PSS, all control signals in the normal load condition
is more controllable than the light and heavy load
conditions.
 Approximately, the EM mode is more controllable whit mE,
mB, dE, and dB than the PSS.
6.2. Design of damping stabilizers
Linearized model of case study system Fig. 1 with showed
parameters in Appendix A and K parameters showed in
Appendix B has been simulated with MATLAB/SIMULINK.
In order to examine the robustness of the damping controllers
to a step load perturbation, it has been applied.
It has been applied a step duration in mechanical power
(DPm = 0.01pu) to the system of Fig. 2. Fig. 7 shows the step
duration in mechanical power.
The reference system has 4 inputs; damping input signal in
Figs. 4–6 has been added to the most effective input dB calcu-
lated by SVD technique.
Figs. 8–10 show the dynamic responses of Dx and Dd with
different operating conditions without controller and Root lo-
cus diagram for dB input control signal. It is clear that the openloop system is unstable. In other words, without controller sys-
tem is not stable.
Fig. 11 shows the difference between Root locus diagram
before adding the controller and after adding the controller.
It is clear that the open loop system is unstable but the pro-
posed controller stabilizes the system. It is obvious that the
all unstable poles have been shifted to the left in s-plane and
the system damping is greatly improved.
Figure 14 Dynamic responses of Dd with input control signal dB.
(a) Heavy loading. (b) Normal loading. (c) Light loading.
Dynamic stability enhancement of power system 699In order to acquire better performance and optimal re-
sponse of controller, PSO and ICA algorithms are used. It
should be noted that mentioned algorithms are run several
times and then optimal set of UPFC controller parameters is
selected. Fig. 12 shows the ﬁtness function evaluation process
contains an inner loop.
The ﬁnal values of the optimized parameters with objective
function, J, are given in Table 1.To assess the effectiveness and robustness of the proposed
controllers, the performance of the proposed controller under
transient conditions is veriﬁed by applying a three-phase fault
at t= 0 s, at the middle of the one transmission line. The dis-
turbance is cleared by permanent tripping of the faulted line. It
can be inferred that the UPFC based damping controller pro-
vide satisfactory dynamic performance at the nominal operat-
ing condition with objective function. It is extremely important
to investigate the effect of variation of the loading condition
on the dynamic performance of the system. The speed devia-
tion of generator at nominal, light and heavy loading condi-
tions due to designed controller based on the dB is shown in
Figs. 13 and 14.
The performance of the proposed methods is compared
with classical method. It can be seen that the ICA based de-
signed controller achieves good robust performance, provides
superior damping in comparison with the PSO and classical
method; because the speed deviation has been damped with
minimum settling time at and minimum overshoot and under
shoot for ICA algorithm.
7. Conclusions
In this paper, the dynamic model of UPFC, which consist of
two shunt converters and a series capacitor, has been obtained.
Simulation results operated by MATLAB/SIMULINK show
that response of system without using the controller is unsta-
ble. For dynamic stability improvement, lead-lag controller
has been used. SVD has been employed to evaluate the EM
mode controllability to PSS and the four UPFC control sig-
nals. It has been shown that the EM mode is most strongly
controlled via dB for a wide range of loading conditions. Clas-
sical and intelligent techniques have been used to enhance the
dynamic stability. The simulation results show that the pro-
posed controller has good performance on damping low fre-
quency oscillations and improves the transient stability under
different operating conditions. It is considered that ICA algo-
rithm achieves good robust performance.Appendix A
System parameters:
Generator M= 8 MJ/MVA T0d ¼ 5:044 s Xd = 1 pu
Xq = 0.6 pu X
0
d ¼ 0:3 pu D= 0
Excitation
system
Ka = 10 Ta = 0.05 s
Transformers X1 = 0.1 pu XE = 0.1 pu
XB = 0.1 pu
Transmission
line
X2 = 1 pu
Operating
condition
P= 0.8 pu Vb = 1 pu
VS = 1 pu
DC link
parameter
VDC = 2 pu CDC = 1 pu
UPFC
parameter
XSe = 0.124 pu mB = 1.0040 dB = 66.6297
mE = 1.0185 dE = 60.1777
KS = 1 TS = 0.05
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K1 ¼ ðVSd  X0dI1qÞ Vb sinðdÞ
Xt4
XseXd
P
 !
þ VSq þ XqI1d
 
Vb cos dð Þ Xt7
XseXq
P
 !
K2 ¼ 1 X
0
dXt1
XseXd
P
 !
I1q þ Xt1
XseXd
P VSd
K3 ¼ 1þ ðXd  X0dÞ
Xt1
XSeXd
P
K4 ¼ Xt4ðXd  X
0
dÞ
2XSeXd
P Vb sinðdÞ
K5 ¼ VSdXqXt7Vb cosðdÞ
VSXseXq
P þ VsqX0dXt4Vb sinðdÞVSXseXdP
K6 ¼ Vsq
VS
1 X
0
dXt1
XseXd
P
 !
K7 ¼ 3ðX2dmE cosðdEÞ þ X4dmB cosðdBÞÞ
4CdcXd
P Vb sinðdÞ
 3ðX1qmE sinðdEÞ þ X2qmB sinðdBÞÞ
4CdcXq
P Vb cosðdÞ
K8 ¼ 3
4CdcXd
P ðmE cosðdEÞX1d þmB cosðdBÞXBdÞ
K9 ¼  3
4Cdc
mE sinðdEÞ
2Xd
P mE cosðdEÞXEEd þmB cosðdBÞXBEd½ 
 3
4Cdc
mB sinðdBÞ
2Xd
P mE cosðdEÞXEBd þmB cosðdBÞXBBd½ 
 3
4Cdc
mE sinðdEÞ
2X
q
P ½mE cosðdEÞXEEq þmB cosðdBÞXBEq
KPdc ¼ ðVSd  X0dI1qÞðmE sinðdEÞ
Xt2
2XseXd
P
mB sinðdBÞ Xt3
2XseXd
P
 !
þ ðVSq þ XqI1dÞ
mE cosðdEÞ Xt5
2XseXq
P þmB cosðdBÞ Xt62XseXqP
 !
KPE ¼ ðVSd  X0dI1qÞ sinðdEÞ  Vdc
Xt2
2XseXd
P
 !
þ ðVSq
þ XqI1dÞ cosðdEÞ  Vdc Xt5
2XseXq
P
 !KPdE ¼ ðVSd  X0dI1qÞ mE cosðdEÞ  Vdc
Xt2
2XseXd
P
 !
þ VSq þ XqI1d
  mE sinðdEÞ  Vdc Xt5
2XseXq
P
 !
KPB ¼ ðVSd  X0dI1qÞ  sinðdBÞ  Vdc
Xt3
2XseXd
P
 !
þ VSq þ XqI1d
 
cosðdBÞ  Vdc Xt6
2XseXq
P
 !
KPdB ¼ ðVSd  X0dI1qÞ mB cosðdBÞ  Vdc
Xt3
2XseXd
P
 !
þ ðVSq þ XqI1dÞ mB sinðdBÞ  Vdc Xt6
2XseXq
P
 !
Kqdc ¼ ðXd  X
0
dÞ
2XSeXd
P ðXt2mE sinðdEÞ  Xt3mB sinðdBÞÞ
KqE ¼ Xt2ðXd  X
0
dÞ
2XSeXd
P sinðdEÞVdc
KqdE ¼
Xt2ðXd  X0dÞ
2XSeXd
P mE cosðdEÞVdc
KqB ¼ Xt3ðXd  X
0
dÞ
2XSeXd
P sinðdBÞVdc
KqdB ¼ 
Xt3ðXd  X0dÞ
2XSeXd
P mB cosðdBÞVdc
KVdc ¼ Vsd
VS
Xq mE cosðdEÞ Xt5
2XseXq
P þmB cosðdBÞ Xt62XseXqP
 !
 Vsq
VS
X0d mE sinðdEÞ
Xt2
2XseXd
P mB sinðdBÞ Xt32XseXdP
 !
KVqE ¼ Vsd
VS
Xq cosðdEÞ  Vdc Xt5
2XseXq
P
 !
 Vsq
VS
X0d sinðdEÞ  Vdc
Xt2
2XseXd
P
 !
KVdE ¼ 
Vsd
VS
Xq mE sinðdEÞ  Vdc Xt5
2XseXq
P
 !
 Vsq
VS
X0d mE cosðdEÞ  Vdc
Xt2
2XseXd
P
 !
KVdE ¼ 
Vsd
VS
Xq mE sinðdEÞ  Vdc Xt5
2XseXq
P
 !
 Vsq
VS
X0d mE cosðdEÞ  Vdc
Xt2
2XseXd
P
 !
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Vsd
VS
Xq mB sinðdBÞ  Vdc Xt6
2XseXq
P
 !
þ Vsq
VS
X0d mB cosðdBÞ  Vdc
Xt3
2XseXd
P
 !
KCE¼ 3
4Cdc
cosðdEÞIEdþsinðdEÞIEq
 
þ 3mE
8Cdc
sinðdEÞcosðdEÞVdc XEEd
X
d
Pþ XEEqX
q
P
 !
þ 3mB
4Cdc
sinðdEÞcosðdBÞVdc XBEd
2X
d
PþsinðdBÞcosðdEÞVdc XBEq2X
q
P
 !
KCdE ¼
3mE
4Cdc
 sinðdEÞIEd þ cosðdEÞIEq
 
þ 3m
2
EVdc
8Cdc
XEEd
Xd
P cos2ðdEÞ  XEEqXqP sin2ðdEÞ
 !
þ 3mEmBVdc
8Cdc
XBEd
Xd
P cosðdEÞ cosðdBÞ  XBEqXqP sinðdEÞ sinðdBÞ
 !
KCB¼ 3
4Cdc
sinðdBÞVdc
2Xd
P mE cosðdEÞ XEBdþmB cosðdBÞ XBBdð Þ
þ 3
4Cdc
cosðdBÞVdc
2Xq
P ðmE sinðdEÞ XEBqþmB sinðdBÞ XBBqÞ
þ 3
4Cdc
cosðdBÞIBdþ sinðdBÞIBq
 
KCdB ¼
3
4Cdc
mB cosðdBÞVdc
2X
d
P  ðmE cosðdEÞ  XEBd þmB
 cosðdBÞ  XBBdÞ þ 3
4Cdc
mB sinðdBÞVdc
2Xq
P  ðmE sinðdEÞ
 XEBq mB sinðdBÞ  XBBqÞ þ 3
4Cdc
ðcosðdBÞIBd
þ sinðdBÞIBqÞReferences
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